[1] A Lomb periodogram analysis is applied to charged particle data from the LEMMS/CHEMS instruments on the Cassini spacecraft. The data represent count rates, averaged within 30 min bins, from electrons (28-330 keV) and protons and oxygen ions (2.8-236 keV) during 350 days in 2005 and all 365 days in 2006. Sun effects, spacecraft maneuvers, and measurements within 20 R S of Saturn were removed from the data prior to analysis. The main peaks in the frequency periodograms (or power spectra) were found within a frequency window from 9.5 hours to 12.5 hours. For signalto-noise ratios exceeding 8, the periodograms within this window reveal a consistent peak near 10.80 hours (10 hours 48 min 36 sec) for all the charged particles regardless of energy or species. Even for lower signal-to-noise ratios, a peak near this period is generally present. The Lomb analyses are consistent with an azimuthal anomaly that rotates with a period of 10.80 hours.
Introduction
[2] The planet Saturn displays a variety of periodicities thought to be associated with its rotation. Spin-periodicities include those of the planetary radio emissions [Desch and Kaiser, 1981; Gurnett et al., 2005] , the magnetic field [Espinosa and Dougherty, 2000; Espinosa et al., 2003; Giampieri et al., 2006] , magnetospheric charged particles and their spectra [Carbary and Krimigis, 1982; Krupp et al., 2005; Carbary et al., 2007] , energetic neutral particles Paranicas et al., 2005] , total electron density in Saturn's inner magnetosphere , and even spokes in Saturn's ring system [Porco and Danielson, 1982] . The kilometric radio variations (SKR) have been used to define a longitude system [Davies et al., 1996] . However, Saturn's radio period was later found to change slowly [Galopeau and Lecacheux, 2000; Gurnett et al., 2005] , and the systematics of this drift can be used to define a dynamic longitude system .
[3] Previous studies of charged particle periodicities at Saturn have heretofore involved limited data sets of a few days at most [e.g., Krupp et al., 2005; Carbary et al., 2007] . While useful, such an approach may miss important consequences of a larger-scale study and does not confer the authority of a statistical analysis. The current study performs just such a large-scale, statistical analysis. A Lomb periodogram analysis is applied to two years of charged particle data obtained by the Magnetospheric Imaging Instrument (MIMI) on the Cassini spacecraft. The investigation also extends the previous studies by including protons and oxygen ions as well as electrons.
Data Set
[4] All data used herein derive from observations made by the MIMI instrument on the Cassini spacecraft. Krimigis et al. [2004] fully describe this instrument, which consists of the Ion and Neutral Camera (INCA), the Low Energy Magnetospheric Measurement System (LEMMS), and the Charge Energy Mass Spectrometer (CHEMS). This investigation uses electron data from the LEMMS sensor, and proton (H + ) and oxygen ion (O + ) data from the CHEMS instrument. The electron data used here were accumulated in five logarithmically spaced energy channels from 28 keV to 330 keV. The proton and oxygen ion data come from four CHEMS energy bins from 3 to 236 keV.
[5] The raw data consist of counts per second in each of the channels at a time resolution of several seconds. The electron data may contain spurious counts from Suncontamination, maneuvers, etc., and these were removed at this time resolution before further processing. To improve statistics, the count rates were averaged into half-hour time bins for the three species of charged particles. The averaging was conducted for all available data from 2005 and 2006. After averaging, the signals are conditioned with a 48-point detrending kernel followed by a seven-point smoothing, both of which use the SMOOTH procedure in the Interactive Data Language (IDL) library.
[6] Figure 1 illustrates the totality of these data in an orbital format, with each point representing a single halfhour average. Data from 2005 come primarily from the dawn and postdawn sector at generally southern latitudes, while data from 2006 come primarily from the midnight and predawn sector at near-equatorial latitudes. Because Saturn periodicities might have a local time and/or latitude dependence, results from the two years were segregated. Furthermore, only data outside 20 R S are used. Inside 20 R S , satellite absorption or emission may affect charged particle periodicities. Furthermore, the speed of the satellite within $20 R S may introduce Doppler effects on the periodicities [e.g., Cowley et al., 2006] ; outside 20 R S , the satellite moves more slowly and, because expected magnetospheric motions are rapid, Doppler effects are much less [e.g., Carbary et al., 2007] . Simulations (discussed below) also indicate Doppler effects can be ignored outside 20 R S and probably at even smaller radial distance.
[7] Figure 2 shows all of the unfiltered proton data for 2006 (top) as well as 5 days of data in detail (bottom). The quasi-regular oscillations in the top panel represent the close encounters of the satellite with Saturn's inner magnetosphere and result purely from the orbital motion of Cassini. These oscillations have nothing to do with Saturn's periodicities, of course, and are removed by low-frequency filtering. Figure 2 (bottom) shows an expanded view of the regular oscillations that are almost always observed in Saturn's outer magnetosphere. These oscillations have a period of approximately 11 hours. The objective of this investigation is the statistical determination of these oscillations.
Analysis
[8] Subject to the constraints and filters discussed in the previous section, half-hour averages of electron, proton, and oxygen ion count rates were subjected to a Lomb periodogram analysis. A Lomb periodogram analysis is similar to a Fourier analysis in that both transform a signal in the time domain to the frequency domain to produce a power spectrum. However, a Lomb analysis has significant advantages over a Fourier analysis. A Lomb analysis does not require equally-spaced data points in time and can successfully operate in the presence of data gaps, even if they are a CARBARY ET AL.: CHARGED PARTICLE PERIODICITIES AT SATURN significant portion of the entire sampling interval. A Lomb analysis can also overcome rather severe noise in a signal and still provide a robust estimate of the periodicity. The significance number that is output from a Lomb analysis provides an estimate of the significance of any peaks in the power spectrum. The analysis here uses the LNP_TEST procedure in the IDL library, which is based on a discussion given by Press et al. [1992] .
[9] Lomb periodograms were constructed for the separate years of 2005 and 2006. Peaks were found in the spectral region between 9.5 hours and 12.5 hours (f = 0.105 and 0.080 hr
À1
, respectively, where f is frequency). This spectral filtering removed any low-frequency peaks associated with orbits of the spacecraft as well as any higher-frequency peaks that are here considered irrelevant to the rotational modulation of Saturn. For each charged particle species, one dominant peak generally appeared within this spectral region. One measure of the uncertainty of the peak is its full width at half maximum (FWHM). For all peaks, the FWHM translates to an error in the period of less than 0.01 hours, meaning the peaks are very narrow. Another measure of the certainty of the periodicity is the Lomb significance number, which lies in the interval between 0 and 1. The significance numbers were all less than $1 Â 10
À6
, and usually much less. (A number close to 0 indicates high confidence of a periodicity, while a number close to 1 indicates low confidence.) A more familiar indicator of confidence is signal-to-noise ratio (SNR), which is defined here as the ratio of the peak power to the standard deviation of the power within the spectral window of interest. A discussion of SNR is beyond the scope of this paper, but an SNR of $6 is usually considered sufficient to detect a ''target'' against a ''cluttered'' background [e.g., Jamieson, 1978] . SNRs derived here are generally of this magnitude or larger. Figure 4 shows the same for 2006. In each case, only the spectral range from 9.5 hours to 12.5 hours is shown, and the power has been normalized to the maximum within this frequency band. Periodograms for electrons, protons and oxygen ions are compared in each figure.
Results
[11] For both 2005 and 2006, prominent peaks appear at or near the optimized 10.793 hour SKR period . For 2005, the electron and oxygen ion periodic signals are particularly strong (SNR = 10.6 and 11.6, respectively), while the proton signal is among the weakest in the Lomb results (SNR = 5.2). For 2006, the electron period is again very strong (SNR = 12.8), while the proton signal is stronger than the oxygen ion signal (SNR = 11.7 versus SNR = 7.7). When the SNR is sufficiently large, generally exceeding $8, the Lomb peak periods tend have a [12] Figure 5 shows the Lomb periods as a function of signal to noise ratio and compares them to IAU, SKR, and magnetic field periods. Two salient features emerge from this figure: the charged particle periods converge for SNRs exceeding about 8, and the convergence value is essentially the same (10.8 hours) as that observed in the kilometric radiation and the magnetic fields Giampieri et al., 2006] . Peculiarly, the low SNR periods are all longer than the 10.8 hours, although the reason for this is not known. Table 1 gives the same results plotted in Figure 5 . Particle species and energies are given in the left-hand column. Their Lomb peak periods and SNRs for 2005 are in the next two columns, and the last two columns give the Lomb periods and SNRs for 2006. The periods for all species are consistently 10.80 hours for both years when the SNR is sufficiently large (i.e., when it is greater than 8). Even when the SNR is smaller than 8, some periods are close to the 10.8 hour period.
Discussion
[14] The Lomb analysis has several minor limitations worth mentioning. First, the data samples come from a restricted region of the magnetosphere, namely, the dawn and midnight sectors. Undoubtedly, some of the measurements were also taken outside the magnetopause where Saturn periodicity is not probable (although Jovian periodicities are observed outside of Jupiter's magnetosphere, so a rotation-related periodicity outside Saturn's magnetopause is plausible). Whether charged particles display consistent periodicities in other local time sectors has yet to be determined. Second, the spectra discussed here are restricted to frequency ranges of 9.5 hours to 12.5 hours, which brackets the periodicities one might reasonably expect for Saturn. One might expect a peak at the much longer period associated with the orbital period of Cassini () 12.5 hours). One might also expect a peak at a shorter period of $5 hours associated with double crossings of a (possibly) wavy current sheet in Saturn's magnetotail (although Lomb spectra near f = 1/5 hr
À1
, not shown here, are unremarkable.) Finally, some of the data used here do suffer from low count rates, especially in the higher energy ion channels. This problem can be overcome to a large extent by the half-hour averages used here. Nevertheless, much of the low signal to noise ratios evident in the higher energy channels is caused by poor statistics. That a Lomb analysis can delineate a peak from such noisy data testifies to the method's robustness.
[15] Perhaps the simplest way to interpret the 10.80-hour periodicity involves a density enhancement or ''anomaly'' that rotates with the planet. The anomaly can produce a cam-like effect that launches density waves from the inner magnetosphere [e.g., Espinosa et al., 2003; Cowley et al., 2006] , and the outgoing waves would have a 10.80-hour periodicity. A rigidly corotating anomaly would also produce such an effect [e.g., Carbary et al., 2007] . The count rates C(r, z, t) from such an anomaly might be heuristically modeled by, for example, Figure 6 . Simulated Lomb spectra expected from an anomaly rotating with a period of 10.81 hours. The simulated count rate signal had random noise of up to 200% of the signal added and 50 random gaps ranging in size from 0.5 to 5.0 hours; as with the observed spectra, only data from outside 20 R S were used. The spectra are normalized to their maxima.
where r 0 = 20 R S is an e-folding distance in radius, z 0 = 5 R S is the half-thickness of a current sheet, w = 2p/T is the angular frequency for a corotation period of T (= 10.81 hours here), and f(t) is the phase (local time) of the spacecraft. C 0 is a constant, which can be ignored because only the relative variations are sought. Cylindrical coordinates are used. A Doppler shift may be included in (1) by adjusting the angular frequency:
where v is the spacecraft velocity, w is the wave velocity, and a is the angle between them. The model developed here assumed negligible Doppler shift in which (v/w)Ácosa ( 1.
[16] An entire year can be simulated by inserting the Cassini orbits in (1). To make the simulation more realistic, random noise and gaps are added and count rates within 20 R S are removed. 
Conclusions
[17] A Lomb periodogram analysis of 2 years' worth of charged particle data indicates that Saturn's outer magnetosphere has periodicity of about 10.80 hours. Electron, proton, and oxygen ion periodicities are consistent as long as the SNR of their Lomb periodogram exceeds 8. The periodicities are the same for all charged particles. Periodicities are the same in dawn and midnight sectors, and apparently at southern latitudes and equatorial latitudes, and the periods are consistent with magnetometer and Saturn kilometric radiation periods. The accuracy of the Lomb method is not (yet) sufficient to determine if the charged particle period has drifted over the 2 year period sampled here. The results are consistent with a ''noisy'' azimuthal anomaly that rotates with period of 10.80 hours.
